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Abstract

Rapidly changing markets demand quick turnaround from creative concepts into final products. This
requires firms to have extensive collaboration in their New Product Development (NPD) teams. However
effective management of teams can be difficult. In order to understand the challenges of multidisciplinary
product development this study focuses on student design teams conducting engineering design projects
at RIT. This study utilizes a modified team effectiveness model based on existing literature for identifying
hypothesized associations using a limited number of teams enrolled in senior design. It proposes an
experimental protocol for conducting this study at larger scale and identifies the appropriate tools needed
to measure team constructs. The study provides experimental techniques to collect team characteristic
data and it also develops techniques to quantify the design process. This study concludes that the
experimental protocol is feasible, but that the use of latent semantic analysis is not a feasible approach
to measure team mental models at the scale of the size of the MSD program. In addition, a novel method
to measure product development project outcomes is proposed that is based on Axiomatic Design
principles. Finally, a preliminary assessment of the expected associations suggests that five out of eight
propositions behave as predicted by the team effectiveness model; however, the number of project teams
used in the study are too small for these results to be conclusive.
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1. Introduction

In a global economy with rapidly changing markets, the success of companies relies on New Product
Development (NPD). Hence, firms examine the factors responsible for their capability to develop and
introduce new products to the marketplace [1]. Three factors that define the success of NPD are
product efficiency, product effectiveness, and speed to market [1]. These factors are often measured
through cost of the product, features of the product, and the time it takes from idea conception to
the final product offering [1].
NPD success is impacted by many factors, which include technical uniqueness, competitive advantage,
diversity of market offerings, protection of market position, revenue and profitability [1]. Failure rates
for new products have been estimated to exceed 40% [2] therefore it is of paramount importance
that organizations avoid NPD failure in order to gain competitive advantage and ensure success in the
marketplace. NPD success requires advanced knowledge, creativity, and quick turnaround time from
idea generation to final product offering. To deliver responsive NPD to resolve challenges in the
marketplace, organizations need to be enabled and adaptive to collaborate and share diverse
occupational knowledge, which can be achieved through teams [3]. It can be said that the main
organizational building blocks to develop products are teams sharing diverse occupational knowledge,
i.e. the multidisciplinary team [3].
Increasing workplace knowledge requirements and the pressure to develop innovative solutions
result in rising levels of task complexity, which makes it difficult for individual employees to complete
their tasks without collaboration [4]. In response to the increasing complexity of current new product
development, many organizations have adopted a team-based approach to complete work and
provide expertise on subtasks, track progress, share workload, and monitor the work behavior of
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other members [4]. Increasingly, organizations rely on NPD teams to generate creative ideas and to
mold these innovative ideas into streams of useful new products or services [5]. NPD teams carry out
the needed tasks to take products from idea to physical implementation of design and manufacturing
systems, while evaluating the supporting supply chain.
Current market forces call for quick turnaround from idea generation (conception) to manufacturing
[6]. To develop products faster, better, and cheaper, many organizations have shifted from serial
product development phases to the concurrent, team-based paradigm [6]. Concurrent engineering
operates on the premise that cross-functional teams interact to accomplish multiple activities (or
tasks) of the product development process simultaneously. As one increases the cross-functional
teams involved in the process, one can see that product development teams grow bigger and more
dynamically complex [6]. Concurrently working teams are capable of quick turnaround in the process
of generating solutions, implementing solutions, and validating solutions.
Although big and dynamic teams are advantageous, there are difficulties in effective management.
The mental models of developers and managers generally have not improved to include the dynamic
influences of concurrent engineering development projects, which involve iteration, increased
resource constraints, and multidisciplinary coordination of performance [6]. A long-term objective of
the research described in this thesis is to provide insights into the influence of teams on product
development performance, which will be useful to develop new guidelines for team formation and
management during NPD activities. The motivation for this study is discussed in section 2.
An extensive review of team effectiveness models by Takai et al. [7] proposed a team effectiveness
model and hypothesized associations between input, process and output parameters, which are
discussed in the literature review in section 3 . The research objectives are discussed in detail in
section 4. In section 5, the study details the team effectiveness model proposed by Takai et al. [7] and
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the hypothesized associations used as the basis of this work. The goal of this study is to report on the
conducted feasibility assessment so that the proper instruments, experimental protocols and analysis
procedures can be executed in order to test the hypothesized associations that are described in
section 5.1. Section 6 details the feasibility of the experimental protocol. The protocol to conduct this
study is discussed in section 7. Based on the results from limited number of teams, section 8 details
the preliminary assessment of hypothesized model. Finally, based on the learning of this study, the
conclusion and the protocol are laid out in section 9.
2. Motivation

Work structures involving teams are often more efficient and effective than individual work, which
explains the increasing prevalence of teams within organizations and educational settings [8]. The
need for teamwork in educational institutions is in line with the standards set by the Accreditation
Board for Engineering and Technology, Inc. (ABET) [9]. Responsible for setting accreditation standards
for American universities, ABET aims to ensure that graduates have the skills needed to enter
professional employment [9]. ABET’s engineering accreditation commission in 2010-11 found that one
area of concern for recent graduates is the ability to work in multi-disciplinary teams [9]. In the 2018
revision of ABET guidelines, criteria 7 was added requiring students demonstrate an ability to work in
teams, specifically in teams that establishes goals, plan tasks, meet deadlines and analyze risks.
However, research shows that one third of engineering graduates have poor work experiences in
teams with one-fifth of graduate students believing that teamwork hinders their learning [9]. This
suggests that that there is a need to better understand team interactions and develop guidelines for
improved teamwork. The improved guidelines will let the teams improve on the goals laid out by
ABET, which will further improve their team experience. Eventually, this could lead to improved team
performance.
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3. Literature Review / Background

A team is defined as “a distinguishable set of two or more people who interact, dynamically,
interdependently and adaptively toward a common goal and valued goal/objective/mission, and who
each have some specific roles or functions to perform” [10] and has limited life span of membership
[10]. Research on teams focuses on themes in the areas of team formation [11-14], team
characteristics [1, 15-18], team process [4, 18, 19] and team effectiveness [1, 10, 19]. The literature
review highlights existing models that link team characteristics and team processes to team
effectiveness [1, 10, 19-21].
Meta-analytic studies have been used to summarize and gain insight from previous research on team
characteristics and team performance. One study on team performance, conducted by Tannenbaum
et al. [10] in the 90’s was based on the review of 17 team related studies. It concluded that task
difficulty, team roles, proficiency, skills and ability, cohesiveness and communications affect team
performance. A recent meta-analytic study done by Sivasubrimaniam et al. [1] based on 38 NPD team
related studies focused on new product development team performance and concluded that team
tenure, functional diversity, cognitive ability, communication, cohesiveness, and goal clarity along
with the exogenous factor of team leadership affect NPD Outcomes. Both meta-analytic studies have
used an input-process-output (I-P-O) framework for studying team effectiveness [1, 10] as shown in
Figure 1. The studies do not provide guidelines on how to apply these characteristics to form teams.

Figure 1-General I-P-O model
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There is a branch of research focused on team formation and its effects on team performance.
Researchers identified team formation techniques based on


Jungian cognitive modes [11],



Team members external contacts [12],



Abilities, curricular interest (technical or nontechnical) and skills [13],



Student profiles like over-committed students, students with motivation and academic
problems, abrasive students [22],



Student self-selection or faculty selection considering a combination of student profiles like
work experience, gender, ethnicity, age range, and spatial compatibility [14].

These team formation studies indicate the positive effect of various team selection criteria on team
performance, however none of the studies create team effectiveness models to study emergent team
processes, which can have moderating effects on team outcomes.
The productivity of a team is highly influenced by characteristics they build together as a team through
interacting with one another to accomplish goals. Team performance (effectiveness) is based not only
on input characteristics (i.e. characteristics at the beginning of team formation) but on characteristics
that emerge in NPD, like group cohesiveness and goal clarity [1]. Group cohesiveness is dependent on
good teamwork and cooperation. Rotter et al. [15] suggest that good teamwork and cooperation
requires individuals of a group to trust each other. The trust and teamwork may be negatively
impacted when some team members do not equally contribute to projects leading to frustration
among team members thus creating a bad team experience for students [16]. This is known as ‘free
riding’ [16] or ‘social loafing’ [17]. This can also further lead to poorer team performance when team
members get the perception that other team members are withholding effort and withhold the effort
themselves. This is called ‘sucker effect’ [23]. Group members who interact with team members and
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work hard on their tasks minimize social loafing and promote shared commitment to the team and
teamwork [19]. Hackman [19] states that group performance is compromised by social loafing, but
Schippers [17] argues that social loafing is not always detrimental to team performance and that the
team members’ personality traits of agreeableness and conscientiousness (which are part of the big
5 personality traits) can improve team performance.
Goal clarity is another emergent characteristic of team performance and teams with specific and clear
goals outperform others [1]. Clear objectives for a team may be elusive as design projects are
exploratory and often have unclear objectives at the beginning of a project. Similarly, well-conceived
teamwork plans will have ‘slippage’ (actions that waste or misdirect the time and energy of team
members) [19]. Teams must adapt quickly to changing task demands to perform well by drawing on
shared mental models [4] or team mental models [18]. Mental models are organized knowledge
contexts that allow individuals to interact with the environment, hence describing, explaining, and
predicting the events in the environment [18]. Shared mental models or team mental models are the
shared knowledge between team members, which forecast team actions [18]. Team actions are the
activities, which are consistent and coordinated among teammates [18]. It is argued that if teams
communicate freely, the role of shared mental models would not be important [18]. Frequent
communication may be difficult due to workload, time pressure, or other environmental factors,
which impacts the existence and quality of a team strategy [18]. Shared mental models or team
mental models are studied in low fidelity simulated environments and hence the results of these
studies cannot be generalized to other team effectiveness studies [4, 18, 19].
Team effectiveness over a long research horizon has been studied via input, process, and output
models. Team effectiveness has been studied since 1960 starting with McGrath [22] and later
summarized by Hackman [19]; in the 1980s meta-analytic studies were performed by Tannenbaum et
al. [10]; more recently since the 1990s research has been complied by Sivasubramaniam et al. [1].
6

McGrath’s model (Figure 2) considered input, process, and output. Inputs were divided into individual
factors, group level factors and environmental factors. Individual factors consist of skill, attitude, and
personality. Group level factors are comprised of size along with the level of cohesiveness.
Environmental factors include group task characteristics, reward structure and the level of
environmental stress, which affects the psyche of the team and the individual team members. In the
process section of the model, group interaction, intervention (i.e. training in group relation skills, role
negotiations, and consultation are measured. The model’s output section consists of quality, speed to
solution, as well as team member satisfaction.

Figure 2- Input process output model for analyzing group framework, McGrath et al. [22]

Based on McGrath’s model, Hackman et al. [19] suggested a normative model for team effectiveness
(Figure 3). They assert that successful task performance in an organizational context needs a reward
system, an educational system for team skill development, and information systems to support the
team’s interaction. The group design consists of task structure, group composition, and group norms
structured to promote effectiveness influenced by group synergy [19]. In the presence of appropriate
group strategies and high process effectiveness where groups hold the required knowledge and use
appropriate task performance strategies, if the team does not have sufficient material resources in
the form of tools, equipment, raw materials, and money, the performance outcomes could suffer [19].
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Figure 3- Normative model of group effectiveness, Hackman et al. [19]

Tannenbaum et al. [10] (Figure 4) proposed a model of team effectiveness, which is similar to
Hackman et al. [19] but offers consideration of individual characteristics as a separate construct,
similar to the research by McGrath [20]. Tannenbaum et al. [10] argue that the organizational
environment should be considered part of the organizational context. For example, the reward system
may impede or enhance team effectiveness [10]. In addition to Hackman’s model [19], the construct
of team interventions in the form of coaching and teambuilding improves team process and
effectiveness [10].

Figure 4 - Team effectiveness model by Tannenbaum et al. [10]
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Based on Tannenbaum’s model, a recent model for team learning in a design context has been
developed by Tucker et al. [21] (Figure 5). The input consists of task design variables, which are
comprised of the variables of task structure, task assessment criteria, and team size. Further input
factors include individual level factors such as knowledge, skills, cognitive styles, personality styles,
attitude, and motivation. The team level factors include team cohesion, team composition,
leadership, and team climate. Similar to the Tannenbaum et al. [10] model, this model includes
feedback. The outputs of teamwork, skills, and attitudinal perspective impact the input of individual
level factors illustrating the dynamic nature of teams as reflected in previous literature [10, 19].

Figure 5 - Framework of effectiveness by student design teams by Tucker et al. [21]

Recently, a meta-analytic study on NPD team performance with limited parameters was performed
by Sivasubramaniam et al. [1]. Their model (Figure 6) is based on previous studies focusing on a
smaller array of team variables as discussed below.
The model generated did not refer to the models discussed above by McGrath et al. [20], Hackean et
al. [19], Tanenbaum et al. [10] and Tucker et al. [21], but followed the similar Input-Process-Output
framework. Variables such as team size, leadership, and ability are consistent with, the other models
discussed in this study. The input parameter of team tenure is consistent with Mathieu et al.’s [4]
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argument of improved shared mental models over time. This study did not consider individual
characteristics as an input, which were proposed in previous studies [10, 19-21]. Their research was
unable to draw causal inferences limiting their conclusions due to the limited inputs and outputs
studied. [1].

Figure 6 - Framework of effectiveness by NPD teams by Sivasubramaniam et al. [1]

In summary, it is concluded that task characteristics and team characteristics affect team
performance. Design team performance is measured by parameters like product efficiency, product
performance, and product speed to market. Team characteristics may depend on team formation,
which can be based on characteristics like abilities, cognitive modes, and skills and on different
techniques to form teams [11]. Task characteristics are comprised of influencing factors such as the
difficulty and the novelty of the task. Once team project work commences, certain features emerge.
Characteristics like social loafing and sucker effect can adversely affect team performance and team
satisfaction. Team performance can be affected by emergent characteristics like goal clarity and
shared mental models. Team effectiveness is studied through the input-process-output model and
over the years, features like team interactions, feedback, and interventions have been added to the
team effectiveness model.
The studies, however, do not provide guidelines on how to apply these characteristics in team
formation. Design process is considered in some studies [1, 21], yet the efficiency of the design
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process for a product design task was not considered. Finally, there is limited research on the
associations between the collective set of parameters in the input-process-output frameworks and
that consider these associations in an integrated manner that can provide a more comprehensive and
complete exploration of team characteristics and their effect over team processes and design team
outcomes [1, 10, 19-21]. Limitations in current literature lead to unanswered research questions as
discussed in the following section.
4. Research Questions

This study is part of a larger collaboration between Dr. Marcos Esterman of the Rochester Institute of
Technology and Dr. Shun Takai of Northern Illinois University. To bridge the research gap in literature
the research is split into three phases. First, the research observes the as-is team process and conducts
an exploratory study of individual and team characteristics, team processes and team outcomes.
Second, based on those results the research will modify and improve the team effectiveness model.
Third, based on the team effectiveness model the research will establish guidelines for effective
teams.
The scope of this research is to develop the experimental protocol through conducting an exploratory
study of team characteristics, team dynamics and team processes. This includes a feasibility
assessment of survey instruments and data collection methods, as well as a preliminary feasibility
assessment to validate propositions indicated in literature. The research serves as a baseline for future
development of team effectiveness models and the exploration of associations between parameters.
The exploratory study has the following objectives:
1. Identify and select (and modify, if necessary) the instruments that will be used to measure
the team attributes and constructs discussed in section 5.
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2. Design and test the experimental design and analysis techniques, which includes surveys,
interviews, and recordings along with their associated analysis.
3. Develop the techniques to quantify the design process to compare the efficiency between
various team outputs.
4. Develop measures of team performance.
5. Demonstrate feasibility of the proposed measurement tools.
6. Identify possible follow-up and adjacent studies needed to improve the methods to test the
hypothesized associations.
Concluding this research there is an expectation of a guideline for experimental protocol, data
collection procedures, and data analysis procedures. There is also an expected exploration of the
hypothesized associations between the input process and output of the team model. This study has
been executed using the methodology described in the next section.
5. Methodology

In this section, the constructs that make up the team effectiveness model including measurement,
collection and analysis of these constructs will be discussed. In addition, the guidelines for the
experimental protocol will be developed.
Based on Takai et al. [7], the following is an overview of the methodology
•

Modify the identified instruments in the model proposed by Takai et al. [7] (which will be
described in greater detail below) so that they are appropriate for the capstone design course
context

• Develop a small-scale experimental protocol to deploy the survey instruments, capture the data,
and analyze the data needed to generate insights for the development of the experimental
protocol at full scale.
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•

Test and validate the small-scale experimental protocol

•

Execute the small-scale experimental protocol and collect data

•

Assess the expected associations for the small-scale experimental protocol

•

Draw conclusions and develop guidelines for the experimental protocol at full-scale

The small-scale study was conducted using five design teams from Multidisciplinary Senior Design
(MSD) program at RIT. MSD is a year-long design project course where student teams develop
concrete design solutions in collaboration with project sponsors from industry, academia, student
entrepreneurs etc. , on design problems that result in tasks that are complex and open-ended.
The basis of team formation is predominantly faculty assignment to groups based on project
preference and skill matching data that is collected prior to the course. In a few situations student
self-selection for teams does occur.
Every year about 400 students enroll in MSD coursework to form approximately 80 teams. In this
study only five senior design teams were enrolled. The details of the teams and design project are
discussed in section 5.3.
In the following section, the hypothesized input-process-output model and the expected associations
are described in greater detail, including the experimental setup, the means of data collection, and
the data analysis methods.
5.1 Hypothesized Model and Propositions

The foundation of this study is the hypothesized team effectiveness model (Figure 7), which is
primarily based on Tannenbaum et al. [10] and informed by the other models reviewed above. The
root of this model is that design problems define the task characteristics. Task characteristics
alongside individual team member characteristics affect work structure and team characteristics,
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which then impact team collaboration. Team collaboration can, in turn, influence the design process,
which affects team characteristics. Improved team collaboration and improved design process would
ultimately improve team performance. In this study, the quantification of task characteristics has not
been accounted for and hence its effects cannot be studied on the work structure and the team
characteristics. The numbered associations in Figure 7, marked in red, are the propositions that will
be assessed in this study. The rationale for these propositions is discussed below.

Figure 7- Hypothesized model by Takai et al. [7]

Proposition 1: Homogeneity of work structures will positively affect team collaboration
Work structure within a team, for example roles and communications, has a strong influence on team
performance [10]. Teammates sharing similar work structure preferences will easily coordinate their
activities and be “in sync” to improve performance [4]. Thus, the expected proposition is that the
homogeneity of work structures will positively affect team collaboration.
Proposition 2: Team characteristics will affect team collaboration
Understanding of team characteristics such as knowledge, skills, attitudes, and preferences help team
members to tailor their behavior to fellow teammate expectations [4]. However, the diversity of these
characteristics needs to be a balance between homogenous and heterogeneous characteristics.
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Functional diversity can increase innovation, but it can also create more conflicting viewpoints for
problem solving in the team [1]. Diversification of characteristics assists in task completion; however,
the mental models should be task driven and shared enough to complete task collaboratively [4, 19].
Although task characteristics were not quantified in this study. The expected proposition is that a set
of team characteristics comprised of aggregated individual characteristics of team members will
enhance the team collaboration. This in turn will motivate students to contribute more hence reduce
social loafing.
Proposition 3: Team characteristics will affect design process
Design outcome is dependent on better design process. Design process can be segmented to ideation,
prototyping and design task cohesion amongst team members. The number of concept sketches have
correlates positively with creativity and design outcome [24]. Similarly, the number of prototypes
have shown to have positive correlation with a successful final product [25]. Wilde’s [11] study
proposes that diversifying the cognitive modes of team members within the team improved creativity
and design outcomes of student design teams. Hence individual characteristics do effect design tasks,
which further impacts design outcomes. Wilde et al. [11] did not provide a quantifiable way to
measure design outcomes and only included cognitive mode as a single measurement of individual
characteristics of team members. Finally, Dong et al.[18] suggest that design task cohesion depends
on similarity of mental models, which is also a team characteristic. This study builds on that and
proposes that the expected proposition is that certain team characteristics can improve the
creativity and design process.
Proposition 4: Improved team collaboration will lead to improvement of design process.
Successful completion of a design project requires good teamwork and extensive collaboration among
team members [6]. With increased collaboration the teams have less opportunity for social loafing.
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Due to this team members will spend more time in design work related activities like generating new
ideas and creating more prototypes and hence will a better design process. The expected proposition
is that improved team collaboration will lead to the improvement of design process.
Proposition 5: Improved team collaboration will positively affect team performance.
Group cohesion improves when workflow patterns are interdependent as is the case in new product
development projects [1]. As group cohesiveness increases, the proposition is that team
collaboration will positively affect team performance.
Proposition 6: Better design process will affect the team performance.
The concept of “Fail often to succeed sooner” suggests that increased prototype generation in the
design process results in easier error discovery and correction, with quicker and better design
outcomes [25]. This process emphasizes human factors and behaviors while encouraging open and
unrestricted expression giving permission to try new ideas [25]. This improves team member
innovation and satisfaction. The expected proposition is that better design process will affect
team performance.
Proposition 7: Homogenous work structure will enhance team performance
Teams with similar mental models will have homogeneous work structure and preference. Teams
with homogeneous mental models continue to perform better throughout a project [4]. Hence, the
expected proposition is that a homogenous work structure will enhance team performance.
Proposition 8: Team characteristics will affect team performance
Willingness of team members to perform their duties conscientiously and actively depends on the
development of trustworthy relationships [3]. Team cohesion can build these reliable relationships.
As mentioned in the second association, optimum levels of individual characteristics are necessary for
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successful team performance. Some characteristics could be improved for teams to perform better,
while sometimes teams need diversification or external information sources to improve performance.
Thus, the proposition is that team characteristics will affect the team performance.
5.2 Data Collection Techniques and Measurement Scales

Measurement of the input, process and output factors discussed above is accomplished using
following the constructs, which are summarized in Table 1 and are discussed in greater detail below.
Many instruments were found in the literature review to measure these factors. Given this is a
feasibility study, survey selection focused on the goal of minimizing the chance that individuals lose
interest prior to survey completion. Thus, the focus was on reduce the number of questions while
maintaining accuracy of the measurement constructs. This was accomplished in two ways. First, by
exploring if there was any research demonstrating a strong correlation between any two individual
characteristic constructs. Komarraju et al. [26] studied the correlation between personality traits and
motivation and academic achievement. MacDonald et al. [27] studied the correlation between MBTI
and the Big 5 Personality traits. Sadowski et al. [28] studied the correlation between Big 5 personality
traits and need for cognition. All the above studies did not provide any strong correlation (|r| < 0.75)
between any two individual constructs, thus none of these measures of personality traits were
eliminated.
Second, by exploring the correlation between the survey instruments so that instruments that were
correlated could be eliminated. The details of the survey types and correlation types are discussed in
greater detail below. All the surveys are available in Appendix – I – Survey Instruments.
5.2.1

Team Characteristics

Individual characteristics of teammates are primarily the basis of team characteristics. Individual
characteristics include knowledge, skills, ability, motivation, attitude, personality, and mental model.
The measurement of these are discussed below. Team characteristics are not only comprised of an

17

aggregation of individual characteristics but also depend on resources like time that the team is willing
to spend on the project and the number of team members on the team. Team effectiveness is a
balance between homogeneity and heterogeneity of individual characteristics. Homogenous teams
may have few conflicts, but they may lack creativity, or the skills needed to finish the task. On the
other hand, an exceptionally diverse team may not reach a common consensus. Individual
characteristics recorded by surveys are aggregated to define team characteristics. Aggregation
methods such as average, variance, maximum and minimum of individual characteristics were used
to derive different team characteristic scores.
Table 1- Variables and measurement scales

Factors

Measurements Tool

Team
Characteristics
(see Appendix – I
for all surveys)

Individual
Characteristics
Knowledge
Skills
Abilities
Motivation
Attitude

Personality

Work Structure

Team
Collaboration
Design Process
Team Outcomes

Mental models
Task based
Team based
Resources
Team cohesion
Team size
Task assignment
Behavioral norms
Communication
structure
Frequency of social
loafing
Ideation
Prototyping
Design task cohesion
Product
Performance
Product creativity

Status

Grade history of design courses
Self-reported proficiency
Need for cognition [29]- Survey
Wonderlic personnel test [30]
Academic Motivation Scale[31]– Modified Survey for design
teams
Social Loafing [17] – Survey
Sucker effect [32]– Survey
Trustworthiness [33] – General Trust scale
Agreeableness and Conscientiousness [17] - Surveys overlapping
Personality test
Big 5 Personality traits [34] – Survey
Wilde’s test [11]- Survey

Performed
Performed
Performed
Not Performed
Performed

Knowledge of using equipment or tool used in the design task
Association Matrix [4]
Survey – No. of courses taken
Calculation – UCINET
Count
Survey - All three constructs are measured based on the
preference of one way or the other. (See Appendix I-Survey A-Sec
D for details)

Performed.
Performed
Performed
Performed
Performed
Performed

Peer evaluation survey

Performed

Count of number of sketches created in design work
Count of number of prototypes in the design work
Latent Semantic Analysis
Suh Information Axiom [35]

Data not available
Data not available
Performed
Performed

Calculation – CPSS [36]

Not Performed
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Performed
Performed
Performed
Performed
Performed
Performed

5.2.1.1 Knowledge Skills and Abilities (K.S.A.) – Team performance improves when specific K.S.A.s are
present [10]. Knowledge is defined as an individual’s design related proficiency, which was captured
by student grades from design related course work. Skills (equipment skills like manual machining,
CNC or software skills like programming in python, LabVIEW) were captured by self-reported design
related skills (see example in Appendix I, Survey A, Section c). Although recorded, neither knowledge
nor skill data were aggregated to define team characteristics. Since all projects required different
functional expertise, all students reported different related course work, which could not be
aggregated in a meaningful way for such small sample size. Similarly, every design project was unique
and required a unique skill sets so the reported skill set could not be aggregated or quantified.
Abilities were captured by ‘need for cognition’ (NFC) using the need for cognition scale [29] (see
Appendix I-Survey C-Sec. A). The individual team member need for cognition score was calculated by
adding the score on every question. Finally, these scores were aggregated to calculate team’s NFC
score. Multiple aggregating approaches such as min, max, average, and standard deviation were used
to calculate team’s NFC score.
5.2.1.2 Motivation – Individual motivation toward the design project was measured by the Academic
Motivation Scale [31]. The original Academic Motivation Scale was comprised of 28 questions and was
created by Vallerand et al. [37]. Based on Vallerand’s scale [37], Kairys et al. [31] created a 21 question
survey, which was used in this study. The original academic motivation scale was constructed for
general motivation in education. In order to make it specific to a design project context, intrinsic and
extrinsic motivators were changed to suit a design student need. For example the question in the
general motivation scale, which was originally worded as “ I want to complete my studies because
the studies will help me to achieve what I want” was changed to “ I want to complete this project
because I think that design experience will help me better prepare for the career I have chosen”. See
the (Appendix I -Survey C-Sec B) for the modified Academic Motivation Scale. The individual team
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member motivation scores were aggregated into three subsets intrinsic motivation, extrinsic
motivation and amotivation. The scores on these three sets were added to give every individual a
score. After that these individual scores were aggregated to calculate the team’s motivation score on
the three subsets of intrinsic, extrinsic motivation and amotivation. Multiple aggregating approaches
such as min, max, average, and standard deviation were used for aggregation of individual scores to
team score.
5.2.1.3 Attitude - Groups can sometimes exploit, stress, and frustrate their members when there is
inequity in the work and members feel wasting time and effort in doing team work [19]. Schnake et
al. [23] observed that sometimes team members tend to put less effort in assigned teamwork than
the effort they would put forth if the work was assigned to them individually. This is known as ‘social
loafing’ [38]. This tendency to withhold effort in doing assigned teamwork may cause other team
members to emulate and hold their own efforts known as the ‘sucker effect’ [23]. However, research
argues that social loafing may not always dampen the individual’s performance. Social loafing by team
members may lead contributing team members to work harder collectively as they expect other team
member to perform poorly on the tasks. This effect is known as ‘social compensation’ [38].
Schipper et al. [17] has shown that social compensation in individuals is highly correlated to the
personality traits of agreeableness and contentiousness. As a result, social compensation was
measured by the Big -5 personality test mentioned in section 5.2.4. The details of the specific
measurements are discussed below.
Social loafing tendency was measured by a 4 item survey [17] (see Appendix I - Survey A – Sec
F).Individual scores were calculated by adding the scores of the questions in the questionnaires.
Sucker effect was measured by Abele and Diehl [32] in three subsets in a survey consisting of the
instrumental factor, the ethical factor, and the equity factor (see Appendix I-Survey A-Sec E). The
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individual scores were calculated by adding the scores of respective subsets as rated by individuals.
Finally, social compensation was measured by conscientiousness and agreeableness of big 5
personality traits as given by Goldberg [39] and modified by Donnellan [34] as explained in Personality
section 5.2.1.4 below. Social compensation is also measured by trustworthiness using the General
Trust Scale [33]. The tools identified for measuring trust were the Interpersonal Trust Scale [15]
consisting of 25 questions and Yamagishi’s 6 question General Trust Scale [33] (see Appendix I-Survey
B -Sec B). The General Trust Survey was used as it contains less questions while providing accurate
construct measurement. The construct of trust for individual team members was calculated adding
survey scores of the general trust survey. The aggregation techniques used for individual scores to
provide team scores were min, max, average and standard deviation of social loafing score, trust score
and social compensation scores of individual teammates for measuring the respective team
characteristics described in this section.
5.2.1.4 Personality
Multiple studies claim that a team member’s personality affects team outcomes. The literature review
identified two methods to measure personality traits [11], [40] . In this exploratory study both surveys
were conducted. Wilde et al. [11] proposed that increasing the cognitive modes of team members in
a team will improve the overall product design. Once individual characteristics were captured, they
were grouped as cognitive modes of the team and number of cognitive modes of this team was used
as a team characteristic. Barrick et al. [40] also proposed that teams higher in conscientiousness,
agreeableness, extraversion, and emotional stability resulted in better team performance [40]. These
characteristics are part of the Big 5 personality traits, which were measured by IPIP (International
Personality Item Pool) scales modified by Donnellan et al. [34]. The original IPIP survey, which was
constructed by Goldberg et al. [39] consisted of 100 questions. The study done by Donnellan et al.
[34] retained 20 questions out of the 100 questions while maintaining significant construct accuracy.
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Thus, the survey by Donnellan et al. [34] was used to capture the Big 5 personality traits. The
aggregation techniques used were min, max, average and standard deviation of Big 5 personality trait
score of individual team members for defining the personality scores for the team.
5.2.1.5 Mental Models and Team Cohesion
Mental models are organized knowledge structures that determine how individuals/teams interact
with their environments [4]. The quality of team mental models as described by Dong et al. [18] are
based on two factors: accuracy and level of sharedness. The ability of a team to cope with difficult or
changing task conditions can be explained by the concept of shared mental models [4]. The rationale
is, in order to adapt quickly to changing situations the members should accurately predict what the
team is going to do and act accordingly. Therefore, the concept of shared mental models is the team
member’s ability to select their actions through well-structured knowledge that is consistent with
their teammates [4].
Mental models are further categorized into team-related content like knowledge, skills, attitudes and
tendencies and task-related contents like equipment functioning, operating procedures, system
limitations [4, 18]. Team based mental models were measured by a 6-attribute correlation matrix of
mental models: leadership, assertiveness, decision making, adaptability/ flexibility, situation
awareness, and communication (Appendix – I-Survey A-Sec G). Participants were asked to rate each
attribute of one mental model to all the other mental models as ‘+4 – strongly correlated’ or ‘ 0 –
unrelated’ or ‘-4 – negatively related’ in the correlation matrix [41]. Team cohesion and performance
are better in teams with centrality and sharedness of team based mental models [41]. Centrality and
sharedness are the basis of aggregation using the Pearson correlation (given by equation 1 & 2), which
compares each dyadic pair rating of one individual to the other individual in the team.

r=

(

∗
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)

-------------- (1)

where

𝑥 − 𝑥̅

𝑧 =
(

1
) ∑ (𝑥 − 𝑥̅ )
𝑛−1

𝑦 − 𝑦

𝑧 =
(

---------------(2)

1
) ∑ (𝑦 − 𝑦)
𝑛−1

where x and y are the score given by individual for a correlation between two constructs respectively.
𝑥̅ and 𝑦 are average of all scores given by the individual in the matrix respectively. n is the number of
correlations.
The Quadratic Assignment Procedure (QAP) in UCINET [42] calculates the Pearson correlation
between the team members and provides a social network analysis of the team by providing
correlation significance between the two mental models [41]. Statistically significant scores were
aggregated as average and employed as a measurement of team cohesion.
The output consisted of correlations and significant values as shown in Table 2. Each cell shows the
statistically significant correlations (p  0.05) between the two team members. The correlation of a
team member with themselves is considered statistically insignificant with respect to team mental
model. The team member score is the average of the statistically significant correlation scores of that
team member with all other members of team (shown in gray in Table 2). This defines how much a
team member’s team mental model aligns with the team. Finally, the team score is the average of all
the team member scores.
5.2.1.6 Resource
Resource constraints such as time, availability of devices, and scheduling may restrict engineers from
fully contributing to their projects. Resource constraints force team members to make tradeoff
decisions on the time spent on one project [43]. Resource constraints were surveyed through member
self-reporting regarding the number of credits enrolled in for the semester. It is assumed that
increased credits per semester results in less time devoted to the senior design project.
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Table 2 - Correlation of mental models in teammates using UCINET

Member 1
Member 2
Member 3
Member 4
Member 5
Member 6
Avg member
score
Avg team
score

Member
1
r=1
p=0
r=0.742
p=0.005
r=0.714
p=0.011
r=0.861
p=0.008
r=0.341
p=0.151
r=0.061
p=0.469
0.7723

Member 2

Member 3

Member 4

Member 5

r=0.742
p=0.005
r=1
p=0
r=0.694
p=0.006
r=0.691
p=0.019
r=0.433
p=0.05
r=0.299
p=0.136
0.64

r=0.714
p=0.011
r=0.694
p=0.006
r=1
p=0
r=0.701
p=0.018
r=0.345
p=0.124
r=-0.077
p=0.479
0.703

r=0.861
p=0.008
r=0.691
p=0.019
r=0.701
p=0.018
r=1
p=0
r=0.363
p=0.146
r=-0.065
p=0.472
0.751

r=0.341
p=0.151
r=0.433
p=0.05
r=0.345
p=0.124
r=0.363
p=0.146
r=1
p=0
r=0.281
p=0.178
0.433

Member
6
r=0.061
p=0.469
r=0.299
p=0.136
r=-0.077
p=0.479
r=-0.065
p=0.472
r=0.281
p=0.178
r=1
p=0

0.6599

5.2.1.7. Team size
Small teams could lack in resources, skills, or workforce to achieve targets. However, larger teams
may be difficult to coordinate, and they may lack motivation. Motivational declines may occur as the
responsibilities of team members reduces as group size increases [19]. Therefore, team size is one of
the measured team characteristics.
5.2.2

Work Structure

Team members rated their preference on a 5-point scale survey regarding task assignments,
behavioral norms, and communication structures. Task assignments consist of assigning roles and
responsibilities to individuals, or a preference to work together on the entirety of the project. Norms
are inferred whether the roles are assigned, or teams prefer rotating roles. Communication structure
defines information sharing preferences among team members via face to face meetings and through
email communications. These factors were measured by a 5-point bipolar Likert scale. The 5-point
scale rated the affinity as 1 being the preference to left pole and 5 being the preference to the right
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pole on scale. The work structure measurement instrument is given in appendix (Appendix I – Survey
A – Section 5). Homogeneity of work structure was then calculated by measuring the variance in
pairwise Euclidian Distance between two individuals for all member combinations. A low variance in
preferences should indicate high homogeneity of work structure.
The output of this construct is shown in Table 3. Each cell on the left gives the rating as filled out by
the individual team members. The cells on the right give the pairwise Euclidian distances. The variance
of these Euclidian distances is the team score of homogeneity of work structure characteristic.
Table 3 – Results of work structure survey

Work
Structure

Member1

Variance - 0.038127306
(Variance between all Euclidian scores)

Work
Work
Work
Member 1
Pref 1 Pref 2 Pref 3
4
2
2 -

Member 2

Member 3

1.414214

1

(Euclidian distance
between A & B)

Member2
Member3

5.2.3

3
3

2
2

1
2

-

1
-

Team Collaboration

Cohesiveness and frequency of social loafing are indicators of team collaboration. Social loafing is
measured by using by the existing peer evaluation surveys for senior design (see Appendix-I-Peer
Evaluation). The survey asked students to provide an aggregate rating based on quality and quantity
of work, ability to meet deadlines, willingness to work with others and take responsibilities. The
aggregation of peer evaluation rating is based on the following assumptions. The average of a peer
evaluation rating is a measure of the degree to which collaboration happened in the team and is a
measure of a cohesiveness of team. The standard deviation, on the other hand, is the degree of
unequal effort by teammates and hence a measure of social loafing.
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5.2.4 Design Process

Design process is the second process factor of the I-P-O model. It consists of three constructs ideation, prototyping and design task cohesion. As discussed in proposition 3 of the team
effectiveness model above, it is proposed that the design process influences the design outcome. The
constructs measured are as follows.
5.2.4.1 Ideation
In a design process, team members share their ideas by drawing sketches. The number of sketches
drawn have shown a positive association with design outcomes [44]. Initially it was thought that
ideation could be measured by the number of ideas generated by the team during the design phase.
However, this process had two drawbacks. First, the ideation process stretches much further than the
design phase and sub-system design can occur in later phases. Second, these data are not formally
documented in the senior design coursework and the students only present the team’s approved best
design. However, these data could be found in the students’ senior design journals. In the future,
participating teams could record all ideas and design sketches in their journals, but it would require
detailed inspections and reviews of these journals to measure this construct.
5.2.4.2 Prototyping
After ideation, the teams create prototypes to identify design flaws. The more prototypes the team
creates, the superior the design [25]. Initially it was proposed that prototyping could be measured by
the number of prototypes generated by design team over the lifetime of the design project. However,
after conducting this study it was concluded that not all prototypes created by the team were
documented and presented. Due to review presentation time constraints, teams only presented
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select few prototypes or only the final prototype. In the future, collection of such data would require
close collaboration with team by the researcher to count the number of prototypes created by the
teams in the design phase.
5.2.4.3 Design task cohesion
In a design team, each team member knows certain aspects of the design problem which is
communicated during team discussions [18]. This communication leads each team member to hold a
perspective of design tasks in line with the team’s collective perspective [18]. This knowledge is not a
summation of each team member’s individual knowledge. The team knowledge is emergent, meaning
the team mental model emerges as the team members input knowledge via communication channels.
This communication makes the individual mental models align with team mental model [18]. Dong et
al. [45] proposed in their research that if pattern identification is performed on the team
communication, the pattern will emerge in terms of word choice and in terms of word to document
meaning. This is the basis of latent semantic analysis (LSA), which is a computational linguistic tool
that links words to concepts. LSA is preferred over other linguistic tools for two reasons. First, LSA is
independent of word order or syntax [45]. Second, unlike other computational linguistic tools, LSA
performance does not degrade with noisy data [45]. Latent semantic analysis works on following
principle. First, it defines words and phrases in terms of orthonormal vectors of concepts [45]. Second,
it links the contribution of team members to the orthonormal concept based on the utterances by the
team member [45] . These features make LSA reflective of team mental models. Team mental models
can be quantified in terms of the number of concepts and the contributions of each team member to
those concepts.
Latent Semantic Analysis performs a Single Value Decomposition (SVD) of the matrix, which consists
of all the words and phrases as the rows and the utterances by the team members as the columns

27

side (see equation 3, where X is this word-to-utterances matrix). An utterance is the statement or
group of statements spoken by an individual team member during their turn. The matrix is populated
by the frequency of the phrases in the utterance. SVD is performed on this matrix, which results in
three matrices shown in equation 3: --------------(3)

X= 𝑈 ∗ 𝑆 ∗ 𝑉
Where X is the word to utterance matrix
U is left singular vectors which gives the weights of all utterances per concept

S is the singular values, this gives the number of concepts with the strength of each concept
V is the right singular vectors, this gives the weights of words for all concepts

Once the matrix is decomposed the significant concept ‘k’ are retained and the reduced matrix is
reconstructed. The ‘k’ is calculated by identifying the number of strong concepts using the singular
values and evaluating its decomposition through the concepts. Once the singular value matrix ‘S’ is
obtained, It can be plotted on the graph and the flat area on the curve, which shows the singular
values are not changing from one concept to other it can be eliminated as shown in Figure 8. Reduced
matrix pulls strongly connected points together and pushes weakly connected points further apart.
The reduced matrix is given as
--------------(4)

Xk= 𝑈 ∗ 𝑆 ∗ 𝑉
where k ≤ n
k=115

Figure 8 - Model plot of single values from an experiment
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Once the reduced matrix is formed, following operations are done on the resulting matrix, X k. This can
be seen in Figure 9 1. Calculate the emergent mental model – 𝛾 – This is a column vector. It is calculated as the row
average of the reduced matrix, Xk.
2. Calculate mental model for each team member at an instance of utterance ‘t’ – 𝜑 , – This is
calculated as the mean of row space of reduced matrix at every utterance for every team member.
3. Calculate the similarity between the individual mental model and team mental model – This is
calculated using cosine values between the 𝛾 & 𝜑 ,
4. Calculate the rate and duration of sharedness of mental models – This is given by area under the
curve between emergent mental model and team member mental model.
θ=∫

ℵ (γ, φ , ) dt

--------------(5)

Figure 9 - Semantic Coherence

One of the important differences between the work reported in Dong et al. [45] and this study is that
Dong’s work created a word to utterance matrix using term frequency. However, in this study, the
word to utterance matrix using term frequency – inverse document frequency (tf-idf) is created. This
is because the amount of knowledge created is not proportional to the amount of communication. In
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a conversation, common words and common knowledge are repeated too often in a conversation. On
the other hand, rare words often generate significantly new knowledge. This is the basis of tf-idf. The
tf-idf assigns a weight to the word. This is done using following formula
𝑡𝑓 − 𝑖𝑑𝑓(𝑡, 𝑑, 𝐷) = 𝑓 , log

| ∈ : ∈ |

--------------(6)

where it is term in dth document in D documents containing term ‘t’, N is the number of documents.
To illustrate single value decomposition, an example with 4 utterances is presented below. The
resulting word to utterance (tf-idf) matrix is created as shown in Figure 10. The Equation 4 is used for
single value decomposition. The resulting matrix S, U, V are shown below.
Dialogue 1 - Sun rises east.
Dialogue 2 - Baby boy born.
Dialogue 3 - Sun goes east to west.
Dialogue 4 - Baby gets older to a man.

Figure 10 - SVD of Word to Utterance Matrix
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U=
U1
U1
U2
U3
U4
U18
U19
U20
U21

U2

U3

U18

U19

U20

U21

-0.3113

0

0

..

0.183

0.1893

0.183

0.2945

-0.3113

0

0

..

0.0522

-0.3993

0.0522

-0.2728

-0.3113

0

0

..

-0.0438

0.1141

-0.0438

0.055

-0.4429

0

0

..

-0.3188

0.0883

-0.3188

-0.1839

:

:

:

..

:

:

:

:

0

0.2527

-0.2981

..

0.8473

0.0207

-0.1527

-0.1051

0

0.3206

0.3412

..

0.0207

0.7807

0.0207

-0.1562

0

0.2527

-0.2981

..

-0.1527

0.0207

0.8473

-0.1051

0

0.4533

0.0317

..

-0.1051

-0.1562

-0.1051

0.7935

S = [ 1.1181 1.0628 0.9486 0.8739]
V=
V1
V2
V3
V4

V1
V2
V3
V4
-0.71
0
0
0.70
0
0.72
0.68
0
-0.70
0
0
-0.71
0
0.68
-0.72
0

Since this is a very small data set the single values are not very far apart from each other. However,
taking k=2 (i.e. Single values > 1) the matrix is recreated using equation 5. From the resulting matrix
resultant and emergent mental model 𝛾 & 𝜑 , were created as shown in Figure 11 . Finally, the cosine
values between the 2 vectors 𝛾 & 𝜑 , was calculated.
5.2.4.3.1 Implementation of Semantic Analysis.
To implement the latent semantic analysis the following steps were taken:
A. Preparation of the input data for analysis
1. Team discussion were video recorded. This recording was then manually transcribed, and the
design relevant non-verbal information was added.
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2. The pronouns used in the discussion were replaced by objects using the visual cues in the video
recording.

Figure 11- Semantic analysis on reduced matrix

3. Data was standardized throughout the document. The abbreviations were expanded. The
numbers were standardized like 3 and ‘three’ were uniformly converted to ‘three’. The
punctuation marks were removed. Each utterance started with a new line on the document. After
this standardization this file is stored as a plain text file for python code input.
B. Data Processing
1. Python libraries used in this code are nltk (natural language toolkit), sklearn (sci-kit learn)
2. Connecting words, names of people, common knowledge were grouped into a set called ‘stop
words’ and they were eliminated from the analysis.
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3. Word separator and phrase length that were significant for this analysis were set. This is
dependent on the researcher on how the data is arranged. In this case the word separator was a
<space> key. Phrase length is dependent on the number of words that are considered as a phrase.
In this analysis, all unigrams (one-word phrases), bigrams (two-word phrases), trigrams (threeword phrases) were considered as valid phrases.
4. The word-to-utterance matrix was created and populated with the tf-idf weights.
5. SVD analysis was conducted and the matrix was recreated after performing dimensionality
reduction as prescribed above. This matrix is called ‘Xk’
C. Output Analysis
1. Calculate the emergent mental model, described above as γ, by averaging the row space matrix
‘X’.
2. Calculate the emergent team mental model 𝛾 after every utterance, which results from averaging
the row space after each utterance.
3. Similarly calculate each team member’s mental model after each utterance as 𝜑 , , which
averages and updates the row space only when a team member speaks.
4. Calculate the cosine values between 𝛾 and γ, 𝜑 , and γ to see the emergent team and individual
mental model at every utterance. This data can then be plotted to see the gradual emergence of
mental models.
5.2.5

Team Performance

Team performance is the output section of the I-P-O model. Team performance in NPD can be
measured by assessing the novelty of the solution, by assessing performance characteristics of the
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resulting solution, as well by assessing as the team’s experience to develop the solution. As such, team
performance will be measured by measuring product creativity, product performance, and team
member satisfaction.
5.2.5.1 Product performance
The product performance of a finished product in MSD course is judged on seven-point scale (ranging
from 1: poor to 7: excellent) and by numerical evaluation with respect to product requirement. It was
found that there are differences between the student’s self-assessment of product performance and
the customer’s rating [46]. Moreover the assessments are subjective [46] and the complexity of the
design projects are different. Some projects might result in a physical product while other may have
a process or software as the final product without any physical form. To overcome this, Axiomatic
Design principles are used to quantify the product performance [35]. Axiomatic Design links functional
requirements to design parameters. Design parameters are then linked to process variables [35].
Process variables define the range of values under which the parameter is satisfactory. The amount
of observations outside the process variable are called information content. Axiomatic design states
that the design with lowest information content is the best design. It also suggests that the functional
requirements captured in the design study are mutually independent. Therefore, the information
content can be aggregated over all the design variables and an aggregate score for a design can be
provided.
Information content is measured by observing the actual variation of a functional parameter
(equivalently a system requirement) relative to its target value and allowed range of variation. This is
shown in Figure 12 and equation 7 defines information content for the functional parameter, x.

𝐼 = log
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1
𝑝

--------------(7)

where p is the probability of observation inside the allowed range of variation.

Figure 12 - Allowed Variation in System Requirement versus Actual Variation

While conducting this study the following type of data was available and the approaches taken to
calculate the probabilities are described below for different cases:
1. Functional requirement is a continuous variable with multiple data points available – When there
is enough data, it is possible to establish what the underlying distribution is, what the central
tendency is and what the variance is. With these pieces of information, it is possible to calculate
the probability of meeting the system requirement. It should be noted that system requirements
are dependent variables that result from the culmination of many design decisions and the effects
of many design parameters. As such, the central limit theorem would suggest that the cumulative
resultant effect of these design parameters, which themselves may not be normally distributed,
would lead to a normally distributed system requirement. Use normal probability distribution to
calculate the probability of data being inside allowed range of variation, p i
2. Functional requirement is a continuous variable with single data points available – In the case that
the senior team has only been able to run a single test and the reported data point is within the
accepted range the pi = 1. If it is outside, then pi = 0
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3. Functional requirement is a discrete variable / feature - In the case that there is a binary
requirement, data can be collected on the success and failure relative to that requirement. Each
experiment can be considered a Bernoulli trail. In order to estimate the probability of success, pi,
you simply divide the number of successes by the number of tests.
4. No data available – In this study the system requirement with no data available were given relative
weight of zero and only the requirements that reported test data were used to calculate PPI.
In this section, the steps necessary to generate a product performance index that is bounded between
[0,1] will be described. This index will be used as normalized basis by which to compare the
performance of different projects.
1. Gather Customer Requirements – Using standard methods described in product development
textbooks [47], design teams conduct needs assessment to gather customer requirements.
2. Derive System Requirements – Techniques such as Quality Function Deployment (QFD) [48] can
be used to by the capstone teams to map the customer requirements to derive the system
requirements. As was discussed above, it is important that the set of requirements that will be
used to characterize product performance are agreed upon before detailed design work begins.
It is acceptable that the requirements are in flux as the concept generation and selection activities
are executed. But as highlighted by Clausing [48] they should be complete, but not frozen.
3. Set Requirement Performance Targets – As the requirements are being developed it is important
to set their targets. Equally important is to define the allowed range of variation. In the case of
a ‘nominal is better’ requirement, the range will be two-sided. For larger-the-better or smallerthe-better, the range will be one-sided. It is always preferable that system requirements be
continuous system response variables. In the case where they are binary, this should really be
questioned and scrutinized. In the case that there is no other alternative, the case can be handled.
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4. Identify Testing Procedure – If the system requirements are continuous, ideally there will be a test
defined to collect multiple samples that enable the calculation of the sample mean and standard
deviation. During these early stages, it is recommended that the teams know how each system
requirement will be tested.
5. Collect Testing Data – Ideally, the testing procedures identified above are used to capture the test
data. However, in many capstone design projects, the reality is that teams are just getting their
prototypes to work very close to end of the class term. In this case they will have only single values
of testing data.
6. Calculate the Probability of Meeting the System Requirement – Using the procedures outlined in
above calculate pi, for each system requirement.
7. Calculate the Information Content of the System Requirement – Using equation (7) calculate I i for
each system requirement.
8. Modify the Information Content of the System Requirement – Using equation (8) and Figure 13,
modify the information content of each system requirement. The reason for doing this is that the
index needs to be bound between [0,1]. It is important to recognize that when the probability of
meeting the requirement drops below 50%, the information content is greater than 1. So, the
reasoning is that if the probability of meeting the requirement was that low, the penalty of an
information content of 1 was sufficiently large. The implications of this decision are something
that can be explicitly tested in future experiments.
𝐼

= min(𝐼 , 1)
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--------------(8)

Figure 13 - Breakdown for modified information content

9. Calculate the Product Performance Index – Final step in the process is to calculate the weighted
sum of the modified information content, where the weights of the system requirements are
derived from the QFD analysis. This is shown in equation (9).
𝑃𝑃𝐼 = ∑

𝑊 ∗𝐼

--------------(9)

where Wi= relative weights of the system requirement; I i-mod = modified information content.
5.2.5.2 Product creativity
Product creativity can be measured by Creative Product semantic scale (CPSS). CPSS is an approach to
measure new product/design creativity, which is based on the three dimensions of ‘novelty’,
‘resolution’ and ‘elaboration and synthesis’ [36]. It was proposed that CPSS scores can be used to rate
product design creativity. However, this construct was not captured as the final evaluation of student
teams did not include analysis on those dimensions.
5.2.5.3 Team members satisfaction
Team member satisfaction and team learnings have a strong correlation to teamwork quality [49]. It
was proposed that the scope of this research would include capturing team member work satisfaction
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using a part of the survey as given by Hogel et al. [49]. However, these data were not captured in this
study as the teams did not fill any team satisfaction survey.
5.3 Experimental protocol and data collection

After the propositions and the data collection techniques were identified the next step was to execute
the experimental protocol on design teamwork. Execution of experimental protocol was done in two
steps, pilot testing, which was executed on a 4-person team and on a simple design problem, and
execution on senior design teams. All testing procedures were reviewed and approved by RIT Institute
Review Board. The steps are discussed below.
For the pilot testing, the construct surveys were grouped into three master surveys. The reason for
breaking up the data collection for surveys into three parts was to allow the students to be engaged
during the length of the survey and thus improve the data accuracy. The way these constructs surveys
were grouped were as follows Survey A (Appendix I) captured work preference, styles of team interaction (team mental models) and
work ethic (social loafing, sucker effect). These constructs are vulnerable to changes as the team starts
to work together and hence to minimize the effect of team interaction they are captured first.
Survey B (Appendix I) captured knowledge, motivation, skills and abilities for project and trust with
teammates. These constructs, like trust and motivation, need some individual experience with
teammates. These constructs also need some experience with the design problem so that individuals
can identify, which skills they will need to solve the problem. This survey was implemented two weeks
after the first survey.
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Survey C (Appendix I) captured need for cognition and personality type. Those are assumed to be
inherent characteristics of individuals and assumed to stay constant during the course of design work
and hence were captured two weeks after the second survey.
The constructs amongst these three surveys were divided such that all three surveys take about same
time to complete. Within the survey the questions for all constructs were randomized

Figure 14 - Marshmallow challenge (adapted from [50])

The pilot testing (marshmallow experiment) was also used to test the design process constructs
namely ideation, prototyping and design task cohesion. Since the focus was to test the processes that
would be needed to measure the constructs, a relatively simple design task was selected for the pilot
team to execute, the Marshmallow challenge [50]. This team was randomly selected but considered
equal gender diversity. The design problem can be seen in Figure 14. The marshmallow should sit on
the top of the structure. The design task is done by a team of four people given 18 minutes to execute
this task. A period of an extra 20 minutes was added to incorporate ideation and prototyping. In the
beginning of this challenge, participants are given first 10 minutes to build as many designs as they
possibly can. Ten minutes after designing, teammates discussed and designed a mock model of the
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final design. After this phase, the team was given the scheduled 18 minutes to complete the
marshmallow challenge. The entire session was recorded and later analyzed for design task cohesion
using the latent semantic analysis procedure described above. It should be noted that while the
constructs of ideation and prototyping could have been measured, they were not.
The pilot study for design task cohesion was conducted for multiple reasons. First, recording of team
meetings required investment in the recording equipment like camera, storage devices etc. so it
helped to ensure that the proposed method was feasible in a much shorter time scale the study of
the MSD teams. Second, the LSA technique describe above was sufficiently involved that with the
approach prior to execution with the MSD was helpful. For example, the need for tf-idf resulted from
pilot study.
Five multidisciplinary senior design teams participated in this study. Four out of five senior design
teams were in the second semester of the design course work (MSD-II) and remaining one team was
in the first semester of the design coursework (MSD-I). Since the final product at the end of semester
from MSD-I team was not possible, only the remaining four teams were considered for further
analysis.
The design work for these four teams could be classified further into product design or process
improvement. Two of the four teams were creating a new product that was a physical object. The
remaining two were creating software as a product where the new product will improve the existing
process capabilities. The details of each senior design project and team are as follows:
1. Design project 1 – Design a Concussion Preventive Scrum Cap for Rugby. This project had a 6member team.
2. Design project 2 – Build a Testbench for a driveshaft used by the RIT Baja Team. This project had
a 7-member team.
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3. Design Project 3 – Building a Graphic User Interface for a Residency Rotational Scheduling Model.
This project had a 3-member team.
4. Design Project 4 – Process Improvement of the Multidisciplinary Senior Design Team Assignment
Process. This project had a 3-member team.
The data were collected in the Spring 2018 semester at RIT, which begins in January and ends in May.
The three surveys were administered in week 03, week 05 and week 07 of the coursework. The
cadence of two weeks between surveys was discussed above. These data were used for work
structure and team characteristic constructs, which are part of Input in the I-P-O model.
The design review meetings were recorded in week 07 and week 11 of the coursework. The existing
peer evaluation of MSD coursework that is administered to students in week 07 and week 11 of the
coursework was utilized in this study. These data were used for team collaboration and design process
constructs, which are part of Process in the I-P-O model.
At the end of week 15 the teams submitted the performance data of the finally design that they
created as their final deliverable. These data were used for the product performance construct, which
is part of Output in the I-P-O model.
5.4 Data Analysis

Once the above data were collected and aggregated as described above, the data were analyzed in
graphically to assess the proposition described in section 5.1. These resulting associations were
compared with predicted association based on the literature review.
6. Experimental Protocol Feasibility
This section summarizes the results of both the pilot study and the experimental trials conducted on
senior design teams. Since this was an exploratory study, in some cases, multiple survey tools were
used for single constructs. The conclusions of this study in Section 9 comments, that some of these
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instruments can be eliminated. Most of the surveys were received on time except for 1 student who
did submit the survey after 7 weeks of survey administration. Overall, the quality of survey data was
consistent. For the process data, since all the teams did not maintain complete range of concept
sketches and design prototypes, it was difficult to get the ideation and prototyping data. The recorded
videos for design task cohesion contained a significant amount of un-usable data, which will be
explained in section 6.2.
Finally, for output data, the data obtained for product performance was incomplete and some team
provided only single or no test value for some system requirements. The former case could be
addressed, but there is nothing that can be done with the ‘no test value’ system requirements except
to not include in the calculation of the product performance index.
In following sections, an assessment of the feasibility of executing the proposed experimental
protocol will be discussed. This section is organized in terms of input data, process data and output
data.
6.1 Input Data

This research collected input data through surveys. The pilot study was used to help balance the time
it took to execute the three surveys described above, as well as the order that the surveys would be
executed in. It was reasoned that the constructs in Survey A were important to know at the start of
the project, thus they would be executed first. The constructs in Survey B, like trust and motivation,
rely on individual experience with teammates and some experience with the design problem so that
individuals can identify, which skills they will need to solve the problem. Thus, it was decided that
survey B would be executed two weeks later. The constructs in Survey C are assumed to be inherent
characteristics of individuals and are assumed to stay constant during the course of design work.
While they could have been executed at the start of the project as well, in order to minimize ‘survey
fatigue’ they were executed two weeks after survey B.
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By using these surveys, individual characteristics could be successfully captured, however, task
characteristics data could not be captured. In the future, task characteristics could be captured if they
had been reported by teams at the beginning of project, using for example, quantifying the problem
on the CPSS scale [36].
Another issue encountered was the inability to quantify the knowledge and skills reported by
individuals. Since the responses were free-form and subjective, there was no way to standardize the
skill set. In the future, this could be captured by standardizing on specific terminology. Students could
rate their skills towards design, execution, team building or other areas.
Finally, while it was assumed that the lower the number of credits that a student is enrolled in would
mean that they could dedicate more time to the design project, this may not hold true as student may
be involved in other activities like part time jobs or sports. A better way to capture this data could be
to survey students as to how much time they can devote to the project.
6.2 Process Data

The process data consisted of team collaboration data and design process data. With the existing peer
evaluation survey, team collaboration data could be captured. However, rather than averaging the
scores of two peer evaluations, a future study is needed to explore the possibility of averaging across
all peer evaluation surveys that occur in the MSD program and to utilize the standard deviation in
student performance over a longer period.
Design process data capture was attempted in both the pilot study and the MSD study. In the pilot
(marshmallow challenge) study, the number of ideas created by all participants could be counted and
taken as measure of ideation. Similarly, the number of prototypes developed could be counted and
taken as measure of prototyping. However, in the marshmallow experiment, these data were not
collected. For design task cohesion, the latent semantic analysis protocol was performed based on
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the recorded team discussions during the marshmallow challenge exercise. The resulting analysis is
summarized in Figure 15.
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Figure 15- Pilot study result for LSA

A similar latent semantic analysis process to the pilot study was run on the MSD Design teams,
however there were challenges in accurately collecting data. The first issue was that the sessions
recorded were design reviews.

The issue with this is that the team only carried a single

recommendation to this review. As a result, all the ideas that were generated prior to the design
review could not be captured. Similarly, the teams only documented the working prototype, and they
did not document the subassembly prototype data. Therefore, the prototyping construct could not
be truly reflective of number of prototypes created in the design period.
Finally, for design task cohesion, since design review meetings were recorded, it was observed that
the data were not reflective of the design problem solving discussions that were observed in the pilot
study. It was observed that in the design review meeting of the MSD project, coherence was not
increasing with time as it did with the pilot study (see Figure 16). The semantic coherence of the entire
team does not change after 61 utterance, which is about 0.65. It can also be seen that the first-person
who covers the introduction of design review covers almost all the concepts and hence the semantic
coherence of team member 1 at the 6th utterance is about 0.55. That would mean no new constructs
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were added after only approximately 20% of total utterances were spoken and most of them were
summarized in the initial portion of presentation. It should also be noted that, the SVD reduces to a
very low value of number of unique concepts at k=42. This all points to the fact that the team is not
problem solving but reporting information (and hence generating relatively little new information).
For repeatability, the week 11 meeting was also analyzed for the same team and it showed the similar
pattern of coherence (see Figure 17). Single value decomposition converged at low values of k=42
showing there was not a lot of new concepts that were discussed in the review. Similarly, semantic
coherence did not increase with time. Most of the team members semantic coherence did not change
at all after the introduction (Semantic Coherence = 0.4). Most of the material was presented by one
individual hence the change of coherence was only observed for that individual over most of the
presentation.
By above observations it can be concluded that analyzing design review meetings may not be the
correct method to evaluate design task cohesion.
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Figure 16 - LSA results of the MSD study – Wk7
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For the design process, the data collection strategy needs further exploration. To successfully capture
ideation and prototyping data the researcher conducting this study needs to interact much more with
this design teams and record all the ideas and prototypes that the teams create. For design task
cohesion, capturing an informal discussion would provide more insights than the design review. The
processing times for video recording needs to be taken in account. Currently, a video recording of one
hour takes about seven to eight hours of work to generate the design task cohesion data. This includes
transcription, code execution and analysis. This is an important factor to consider when conducting
this study on a large scale.
6.3 Output Data

For output data, product performance data resulted from testing data submitted by MSD teams. The
product performance index, which leverages the system design and functional analysis collected in
week 6 of senior design and axiomatic design principles [35], proved feasible to execute. However,
testing data was not standard across teams and even within the team. Some of the testing data
provided consisted of a single test value. In the future, design teams can be given guidance on some
testing strategies that generate the data needed to improve the reliability of the measurements.
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However, the results obtained using PPI were encouraging and are detailed below
Table 4 - Summary of PPI for the senior design projects in the study.

Project
Number
1

Project Type

# of
Req.

Requirement
Types

PPI

Rank

Hardware

19

7 – Continuous

0.42

Instructor A

12 – 1 sample
test
2

Hardware

4

4 – 1 sample test

Rank 1
0.54

Instructor A
Rank 2

3

Software

9

9 – Binary

0.65

Instructor B
Rank 2

4

Software

13

13 – Binary

0

Instructor B
Rank 1

As a first order check of the results, the instructors responsible for grading the teams were asked to
rank the teams. Instructor A’s and Instructor B’s rankings are shown in Table 4. While not conclusive,
it is encouraging that the rankings correlate with the PPI, by instructor.
7. Guidelines to Execute the Experimental Protocol

In this section the guidelines are provided for preparation to conduct this study and for the
execution of the study
7.1 Preparation to conduct this study

This study involves human subjects. RIT observes strict guidelines for human subject research and all
research involving humans need to pass the Human Subject Research Office’s (HSRO) guidelines also
known as Institute Review Board (IRB) guidelines [51]. This includes and is not limited to following
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a. No coercion can be performed on participants from the researcher or from the advisers on the
teams to participate in this study. The participation to this study is at will, and students can leave
the study whenever they want without fear of any repercussions.
b. The participation from the teams should be unanimously agreed. A team cannot participate if any
member objects to the participation.
c. All the members should be provided the details of this study and an informed consent must be
obtained from all the team members of the participating teams.
d. Data obtained from the teams should be always stored in secured location and must not be shared
with anyone outside the research group.
Pre-requisites for this review include human subject research training and a draft proposal with the
detailed process of human interaction involved in the study. The documents that were submitted in
this study were
1. HSRO IRB form A [51].
2. Abstract of the study that will be conducted in layman terms.
3. Data collection tools – surveys, interview questions etc.
4. All means of communication with prospective subjects including the email that will be sent out
for participation in the study
5. Appropriate informed consent form.
6. Evidence of human subject protection training
The review of the proposal by HSRO can take up to two months of time. This time should be accounted
prior to conducting the research and so proposal should be filed by end of Spring semester if the study
needs to be conducted in Fall semester.
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7.2 Execution of this study

The timeline to conduct this study is summarized in Figure 18. This provides the guidelines on what
to execute and when for the MSD teams during the entire senior design two semester sequence. The
details on each topic mentioned in Figure 18 is discussed below.

Figure 18- Guidelines to conduct this research

a. Getting consent from the teams – A team can only participate if all team members in the team
unanimously agree to informed consent. In the first week of senior design all the prospective
teams should be given the informed consent. The participating teams should sign and return the
informed consent by end of the first week.
b. Knowing the teams – Once the consent from the teams is received, in the second week, the
researcher should schedule a meeting with the teams to learn about their project. The researcher
can then set up weekly or biweekly meetings with the team to observe the design process. In the
second week researcher will know about the initial customer requirements. These can be used to
calculate the task characteristics by conducting CPSS analysis on design problem provided to them
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in senior design. While knowing the team, the researcher can also set up expectations of getting
quantifiable system requirement and conducting multiple performance tests.
c. Administration of first survey – At present, the surveys are divided into three large surveys. In the
first survey (see Appendix I survey A) the individual characteristics that can change due to team
experience are captured. This information should be collected preferably before week 3 of senior
design (MSD-I). At third week the team assigns roles to people after doing a team dynamics
session. Hence it is preferable to collect data before the roles get assigned to team members.
d. Administration of remaining two surveys – Survey B and survey C should preferably be conducted
after some team experience as it includes constructs that can develop only after team experience.
In survey C motivation of conducting the design project would require some experience with the
problem statement. The remaining two survey must be administered in week 5 and week 7. This
will give enough time for team members to finish the previous surveys.
e. Collection of team process data – In week 8 of MSD-I the researcher must attend the meeting
with the team as this is the week when the team start generating the concept designs. At this time
the researcher can start collecting data about the ideation and prototyping construct by recording
the number of designs and prototypes that the team collectively is generating. The records should
be maintained after this week for every subsequent design idea and prototype that is created by
the team.
f.

Collection of peer review data – Peer reviews are conducted multiple times during the semester.
Peer reviews must be collected once during week 7-11 and week 12-15 during MSD-I. Similarly,
during MSD-II the peer evaluation must be collected during week 3-6, week7-10 and week 11-15.

g. Recording of design task cohesion – The design review meeting in this study was recorded at Week
7-10 in MSD - II and at Week 11-15 in MSD-II. However, this study suggests that the video
recording of design review meetings and conducting latent semantic analysis did not provide
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useful information. In further research the researcher must identify the new methods of collecting
design task cohesion data. One of the suggestions could be recording and conducting LSA on the
informal meeting of team members before the design review.
h. Product performance data – Between week 11 to week 15 of MSD-II the teams conduct testing of
their final product. It is at this time all the teams must be reminded that the product testing of all
parameters identified during functional analysis of Week 7 of MSD-I. All system requirements
must be reported as given in section 5.2.5. This will help in calculating the product performance
using the proposed Product Performance Index as given in Equation 9.
i.

Team satisfaction data – Although not recorded in this study. The team satisfaction survey should
be administered in week 15 of MSD-II when the final product is delivered.

8. Preliminary Assessment of Hypothesized Association

The primary focus of this study was to develop and select the appropriate survey instruments and
data collection protocols. In addition, it was to assess the feasibility of collecting all the data required
to test the hypothesized associations. While the data collected in this effort represents a small sample
size, the process of analyzing the associations was still exercised and some of the more interesting
preliminary observations will be shared in this section. It should be noted that even though there were
five senior design teams involved in this study. One of the teams need to be dropped off as the team
was in their senior design 1 coursework and did not produce the final product at the time of data
collection. As a result, that team is excluded from further assessment.
Proposition 1 – The association between work structure and team collaboration.
It was expected that homogeneity in work structure would positively affect team collaboration. By
conducting the analysis, it is concluded that the team with lower variance in work structure had lower
deviation in peer evaluation rating (Table 5)/(Figure 19). In other words, teams with more
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homogenous work structure showed lower social loafing. This shows that there is a positive trend
between work structure and team collaboration as seen in the literature.
Table 5 - Correlation between Work Structure and Team Collaboration

Team Collaboration (Peer evaluation std. dev.)
Work Structure
(Variation in Euclidean
distances)

Result: +
Expected: +

Figure 19 - Variance of Work Structure vs. Standard Deviation of Peer Rating

Proposition 7 – Association between work structure and team performance.
The expectation was that a homogenous work structure would improve team performance. It was
observed that teams with lower variance in work structure had a lower product performance index
for their final design. Since a lower product performance index means a better design and a lower
variance to work structure means a homogenous work structure, it can be said that team with
homogenous work structure demonstrated better team performance (see Table 6 / Figure 20 ).
Table 6 - Correlation between Performance Index and Work structure

Team Performance (PPI.)
Work Structure
(Variation in Euclidean distances)

Result: +
Expected: +
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Figure 20 - Variance of Work Structure vs. Performance Index

Proposition 5- Association between team collaboration and team performance
It is expected that better team collaboration would lead to better team performance. To assess this,
team collaboration, was measured by both the average of peer evaluation rating, which is assumed
to be reflective of team collaboration and the standard deviation of peer evaluation rating, which is
expected to be a measure of social loafing. This was compared with the PPI. Given the results in Figure
19 and Figure 20, this result is not surprising that teams with higher team collaboration produced
better design (see Table 7, Figure 21,Figure 22).
Table 7 - Correlation between Product Performance Index and Team Collaboration

Team Collaboration

Team Performance
(Performance index)

Degree of collaboration
(Peer evaluation avg.)

Measure of social loafing
(Peer evaluation std. dev.)

Result: +

Result: -

Expected: +

Expected: -
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Figure 21 - Performance index vs. Average peer rating

Figure 22 - Performance Index vs. Standard Deviation
of Peer Rating

Proposition 2 and 8 – Association between team characteristics and team collaboration and team
performance respectively.
The associations in propositions 2 and 8 can be analyzed in a manner similar to Figure 21 and Figure
22. However, this results in more than 100 graphs (see Appendix II). Table 8 summarizes the
associations that show a trend, positive or negative. Blank cells in the table mean no correlation was
observed between the two constructs. In addition, multiple aggregation methods of the input, like
average, variation, maxima and minima are analyzed. The method demonstrating the trend versus
the expected correlation between the constructs is also summarized in Table 8 and are detailed as
following.
1. Team having members scoring higher ability construct had shown low social loafing and better
product performance.
2. Team having members with unequal time resources had poorer collaboration
3. Teams having lower average social loafing tendency had better team collaboration and better
design outcomes.
4. Teams having high scores on equity of work i.e. teams that believed the work should always be
performed equally showed poorer results on product performance.
5. As general trust scores improved, the teams showed lower social loafing tendency and better
team outcomes.
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6. Cognitively diverse teams had better collaboration, low social loafing and better design outcomes
scores.
7. Finally, teams scoring higher on alignment of mental model within the team had lower social
loafing better collaboration and better design outcome scores.
Table 8 - Resulting associations between constructs
Team Collaboration
Degree of
collaboration
Peer eval
Average
Team
Characteristics

Abilities

Attitude: Social
Loafing

NFC Survey
Aggregation:
Team Maxima
Amotivation survey
Aggregation:
Team Minima
No of credits
Aggregation:
Team Minima
Social loafing survey
Aggregation: Average

Attitude:
Sucker Effect

(Equity) survey
Aggregation: Average

Motivation

Resources

Result: Expected: -

Result: Expected: -

Result: +
Expected: +

Result: +
Expected: +

Result: Expected: -

Result: Expected: Result: Expected: -

Result: NA
Expected: Result: +
Expected: +

Result: Expected: Result: Expected: -

(Equity) survey
Aggregation:
Team Minima
General trust survey
Aggregation: Average

Result: Expected: -

Wilde’s Survey
Aggregation: Sum

Team Cohesion

Co-relation Matrix
Aggregation: Average

Team Size

No. of team members
Aggregation: Count

Attitude:
Social
Compensation
Personality

Measure of
social loafing
Peer evaluation
std. dev.

Team
Performance
Product
Performance
PPI

Result: +
Expected: +

Result: Expected: -

Result: +
Expected: +

Result: +
Expected: +

Result: Expected: -

Result: +
Expected: +

Result: +
Expected: +

Result: Expected: -

Result: +
Expected: +

Result: +
Expected: +

Result: NA
Expected: +

Proposition 3, 4 and 6 – Association between team process and other constructs of the model
The data collected for design process did not yield usable data. As mentioned in section 6.2, the data
collection techniques need to be reviewed for design process. Due to this, these propositions could
not be assessed
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9. Conclusion

This section discusses the contribution of this research. It provides a summary and assessment of the
research objectives. Finally, this section identified areas of future research to improve this proposed
experimentation.
9.1 Contribution of the Research

This study successfully assessed the feasibility of collecting the data needed to test the model and
hypothesized associations proposed by Takai et al. [7]. In addition, it developed an experimental
protocol for conducting this research in the future. This study successfully identified the surveys and
methods needed to measure team characteristics, team processes, design processes and design
outcomes. However, there are cases where multiple surveys and methods measure similar constructs.
Collection of experimental data will be needed to help identify, which ones are preferred and is left
for future work. An area of concern that was identified in this work was the use of Latent Semantic
Analysis (LSA) to measure team cohesion during the design process. While the study demonstrated
that LSA could be successfully implemented, due to the time it takes to analyze the team recordings,
performing this analysis on 80 design teams could prove challenging. Last, this study developed a
product performance index (PPI) to standardize the measurement of product performance. This
measure is based on axiomatic design principles.
9.2 Assessment of Research Objectives

In this section, each research objective will be assessed.
1. Identify and select the instruments that will be used to measure the team attributes
Five team attributes in the proposed team effectiveness model consisted of 2 input, 2 process and 1
output attributes, which were measured by 20 constructs (shown in Table 9). Twenty-four surveys
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and methods were identified to capture those constructs. The details of these surveys and methods
that were used are given in Table 1.
One tool (motivation scale) was modified to meet the design project motivation. Three tools
(motivation, big 5 personality traits and trust) had shorter alternative questionnaires available. This
reduced the total number of questions to 106 question from an initial count of 236.The Wonderlic
personality test not used in this work because there was a use fee. Useful data were not generate
from five constructs, knowledge, skill, ideation, prototyping and design task cohesion, because either
data was subjective and cannot be aggregated (knowledge and skills), or complete data was not
reported by team(ideation and prototyping) or the experimental technique didn’t yield useful result
(design task cohesion). One construct, product creativity, was not measured, because the student
evaluation was not based on the parameters measured by CPSS and the data was not reported.
All the tools could not be administered at one time due to concerns of ‘survey fatigue’ in the subjects.
Hence, the surveys were divided into three distinct surveys A, B and C. The content and sequencing
of these surveys was developed to minimize fatigue and preserve the integrity of the constructs. A
two-week interval between the surveys was shown to be manageable from the perspective of the
survey taker as well as the researcher. Surveys can be administered at end of week 1, 3, and 5.
2. Design and test the experimental design and analysis techniques, which includes surveys,
interviews, and recordings along with their associated analysis.
Surveys were used to capture team characteristics, work structure and team collaboration. Since this
was an exploratory study, all methods of aggregation were used on the survey data. This study
however was not able to identify if any of the aggregation methods could be eliminated. The design
process data was captured by video recording; however, the analysis of this data was challenging and
is discussed below. Alternative design and analysis techniques are needed to capture the design
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process. A product performance index was developed from axiomatic design principles to standardize
the measurement of product performance across all project teams. However, future work is needed
to ensure that teams have methods available to them to measure or estimate product performance
variation.
3. Demonstrate feasibility of the proposed measurement tools.
The feasibility of the proposed measurement tools was demonstrated by executing the experimental
protocol on 4 MSD teams. However, the scalability of this experimental protocol over 80 teams, is an
issue that must be addressed. This is because capturing of design process data like ideation, and
prototyping requires a great deal of collaboration between the team and the researcher. Similarly, in
order to capture design task cohesion of the team, the researcher needs to spend a great deal time
with the team capturing the mental models of the team, which is based on time intensive analysis.
4. Develop measures of team performance.
A promising result from this work is the potential utility of the product performance index. The
product performance index provides a numerical assessment of new product design, which allows
projects that have different requirements to be compared. The preliminary assessment of this tool
showed promise as it was consistent with expert evaluators’ assessments.
However, in order for the PPI to provide meaningful data, it is clear that it will be necessary to
communicate to the MSD teams the importance of identifying the critical system requirements,
setting appropriate targets, setting appropriate limits for these targets, and arming them with
methods to easily characterize the variability associated with these critical parameters during the
testing phases of the MSD project.
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Table 9 - Feasibility and usability assessment

Factors

Measurements

Team
Characteristics

Work
Structure
Team
Collaboration
Design
Process

Team
Outcomes

Tool
Test
Identified Status

Multiple Usable
scales
data?

Comments

Individual
Characteristics
Knowledge
Skills
Abilities

Yes
Yes
Yes

Performed
Performed
Performed

No
No
Yes

No
No
Yes

Need future work to obtain numerical
data
Need future work to obtain numerical
data
Wonderlic test was not performed
but NFC provided good insight on
correlation of abilities so can be
eliminated

Motivation
Attitude

Yes
Yes

Performed
Performed

No
Yes

Yes
Yes

Personality

Yes

Performed

Yes

Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Performed.
Performed
Performed
Performed
Performed
Performed
Performed
Performed

No
No
No
No
No
No
No
No

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes

Performed

No

Yes

Ideation

Yes

No

N/A

Prototyping

Yes

No

N/A

Design task cohesion

No

Data not
available
Data not
available
Performed

No

No

Need future work to identify correct
tools to measure design task cohesion

Product Performance

Yes

Performed

Yes

Yes

PPI is a good measurement of product
performance and other measurement
scales can be eliminated

Product creativity

Yes

Not
Performed

N/A

N/A

Mental models
Task based
Team based
Resources
Team cohesion
Team size
Task assignment
Behavioral norms
Communication
structure
Frequency of social
loafing

Cannot make an assessment of
removing multiple scales
Cannot make an assessment of
removing multiple scales

Future work should be more
collaborative between the team and
researcher to get this data

5. Develop the techniques to quantify the design process to compare the efficiency between
various team outputs.
A major finding of this work is the impracticality of the latent semantic analysis approach. While the
approach is technically feasible and useful, to replicate this across 80 MSD teams would be resource
intensive. This research requires significant interaction between the researcher and the teams.
Ideally, the researcher would join the weekly team meetings and key problem-solving sessions in
order to capture the ideas and prototypes created by the team. The number of meetings that would
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be optimal for capturing the design task cohesion construct is another area of exploration. The
practicality of this over 80 MSD teams is questionable.
6. Identify possible follow-up and adjacent studies needed to improve the methods to test the
hypothesized associations.
This study did not consider the effects of task characteristics on work structure and team
characteristics. In this study, work structure is assumed to be only dependent on the work preferences
of the team members. The influence of task characteristics must be considered and the tools for work
structure should be modified accordingly so that the hypothesized associations can be tested
correctly.
9.3 Future research

For the future work, one of the suggested ways of making LSA feasible for large number of teams is
by reducing the data processing time. If the students are provided their own microphones, then by
using speech to text software the transcription time can be reduced. Another time-consuming part
in the process is performing operations on reduced matrix. This was done manually using excel
macros. If the data processing of the reduced matrix can be done computationally that will further
reduce the processing time.
Better monitoring tools need to be identified for capturing the design process as whole. This includes
ideation and prototyping as well as design task cohesion, which was discussed above. In order to truly
capture the ideation and prototyping data, the researcher needs to interact with the senior design
teams from the beginning of the senior design project.
All the data captured in the individual surveys should be numerical rather than subjective as the
aggregation of subjective individual subjective data and hence team characteristics can’t be derived
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from such data. In this study knowledge and skills data was subjective and too diverse, which proved
unusable. Future work is needed to ensure more effective utilization of subjective data.
Lastly, it was difficult to recruit teams for this project. However, it was observed that if there was a
buy in from the project guide, they could motivate the team to participate in this study. Future
researcher may note that informing the guides of this research and getting their buy-in will be an
important factor to successfully execute the experiment.
10
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Appendix – I – Survey Instruments

Surveys are divided into 4 parts
1. Survey A - Individual surveys related to your work preferences, team interaction style (mental
models) and work ethics. (Social loafing, sucker effect)
2. Survey B - Individual surveys related to your knowledge skills abilities interpersonal trust and
academic motivation
3. Survey C - Individual survey to determine the motivation and the ability to engage in thought
process
4. Peer evaluation Survey
Table 10 - List of Surveys in Appendix I

Construct
General
Knowledge
Skills
Work Structure
Sucker Effect
Social Loafing
Team based Mental
Model
Big 5 personalities
survey’s
Wilde’s Personality
survey
Trust
Need for Cognition
Motivation
Peer Evaluation Survey

Survey
Survey A
Survey A
Survey A
Survey A
Survey A
Survey A
Survey A

Section
Section A
Section B
Section C
Section D
Section E
Section F
Section G

Reference

Survey B

Section A

[34]

Survey B

Section B

[11]

Survey B
Survey C
Survey C

Section C
Section A
Section B

[33]
[28]
[29]
Existing survey for RIT
MSD teams
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[32]
[17]
[4]

Survey A – with sample response calculations
A. General Details
Name
Major
No. of credits taken in this semester
Name – John Doe
Major-Industrial Engineering
No. of credits taken in this semester- 15
B. Knowledge
Mention 3 courses relevant to MSD project and the grades achieved
Design of Experiments

A

BME lab sequences

A

Medical Devices

A

C. Skills
Mention the equipment / software used in MSD project as per your proficiency
i. Good (I take care of these tools most of the time)
CAD Models with Solid works, 3D Printer, Excel
ii. Average (Have a working proficiency, I can figure out how things are done)
Foam casting equipment
iii. No Proficiency (This tool is used in our design project but someone else take care of this)
High Speed Camera
D. Work Structure
Work Preference Survey - Mark your preference of teamwork.
1 would relate to strong preference to option on left, 3 represent no preference and 5 represent
strong preference to option on right.
Provide the task assignment work structure you want to see in your team (W1)
Individual
1
2
3
4
5
Group Work
Responsibilities
Provide the team norms you would like to see in team (W2)
Fixed roles
1
2
3
4
5
Rotating Roles
Your preferred communication structure(W3)
Face to face meeting
1
2
3
4
5
Email Correspondence
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Indvl.1

Team I
Work Structure
Variance = 0.82403209 (variance of all Euclidian distances)
W1 W2
W3
Indvl.1 Indvl.2
Indvl.3 Indvl.4
Indvl.5
Indvl.6
3
4
1 3
3
3 2.236068
2.236
Euclidian
distance
between 1 & 2

Indvl.2
Indvl.3
Indvl.4
Indvl.5
Indvl.6

2
2
5
2
4

2
2
2
4
2

3
3
2
3
1

-

0

3.162278
3.162278

-

2
2
3.741657
-

2.8284
2.8284
1.4142
3.4641
-

E. Sucker Effect
Sucker effect [32] - Indicate the degree to which you agree or disagree with each statement by the
following scale. Rate as per following scale
1- Strongly disagree 2- Somewhat disagree 3- Neither agree nor disagree 4- Somewhat agree 5Strongly agree
Ethical Factor







Most people spend too much time in unprofitable amusement
Our society would have fewer problems if people had less leisure time
Most people who don't succeed in life are just plain lazy
A self-made person is likely to be more ethical than a person born to wealth
People should have more leisure time to spend in relaxation
Life would be more meaningful if we had more leisure time

Instrumental Factor










Hard work is not a key to success
People who work deserve success
There are few satisfactions equal to the realization that one has done one’s best at a job
By working hard an individual can overcome most obstacles that life presents and make his or
her own way in the world
Nothing is impossible if you work hard enough
If you work hard you will succeed
The person who can approach an unpleasant task with enthusiasm is the one who gets ahead
Hard work is fulfilling in itself
You should be best at what you do
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Equity Factor






When a task is completed by a team there is nothing wrong with distributing the reward equally
regardless of unequal input
The relative input of each team-member does not necessarily provide a legitimate basis for
claiming differential rewards
Rewards should be distributed to persons in direct proportion to their inputs (i.e. their relative
contributions)
The trouble with giving people equal rewards for work is that they very rarely work equally hard
If people work together on a task it is very important that the reward is distributed in proportion
to the effort each puts in
ID
Indvl 01
Indvl 02
Indvl 03
ID
Indvl 01
Indvl 02
Indvl 03
ID
Indvl 01
Indvl 02
Indvl 03

Ethical Score (Sum of score on
Ethical questions in survey)
13
14
15

Max

Instrumental Score (Sum of
score on Instrumental questions
in survey)
13
14
15

Max

Equity Score (Sum of score on
Equity questions in survey)
13
14
15

Max

15

15

15

Min
13

Min
13

Min
13

Average
14

Average
14

Average
14

Variance
0.666667

Variance
0.666667

Variance
0.666667

F. Social Loafing
Proposed by Schippers [17] - The questionnaire access the extent to which team members tend not
to put much effort on assignment when others team members are working on it. Rate as per
following scale
1- Strongly disagree 2- Somewhat disagree 3- Neither agree nor disagree 4- Somewhat agree 5Strongly agree





I defer responsibilities I should assume to other team members
I put forth less effort than other members of my team
I prefer to let the other team members do the work if possible
I put forth less effort on the assignment when other team members are around to do the work
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ID
Indvl 01
Indvl 02
Indvl 03

Social loafing (Sum of score on
Social loafing survey)
9
10
9

Max

Min

10

9

Average

Variance

9.333333

0.222222

G. Team based Mental Model
The correlation matrix given by Mathieu et al. [4] ask the users to relate the mentioned six
characteristics to each other on -4 to +4 scale.
-4 negatively related, +4 positively related or 0 not related at all
Leadership

Assertiveness

Decision making /
Mission Analysis

Leadership
Assertiveness
Decision making /
Mission Analysis
Adaptability /
Flexibility
Situation Awareness
Communication

Individual 1 Response
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Adaptability /
Flexibility

Situation
Awareness

Communication

Quadratic assignment and correlation significance
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Survey B - – with sample response calculations
A. Big 5 personalities survey
The scale given by Donnellean [34] also called as mini IPIP asks user to rate the scale on 1-5 scale
1 – Very inaccurate to 5 – Very accurate
No.

Statement

E1
E2
E3
E4
A1
A2
A3
A4
C1
C2
C3
C4
N1
N2
N3
N4
O1
O2
O3
O4

I am the life of the party
I talk to a lot of different people at parties
I don't talk a lot
I keep in the background.
I sympathize with others' feelings.
I feel others' emotions.
I am not really interested in others.
I am not interested in other people's problems.
I get chores done right away.
I like order.
I often forget to put things back in their proper place.
I make a mess of things.
I have frequent mood swings.
I get upset easily.
I am relaxed most of the time.
I seldom feel blue.
I have a vivid imagination
I have difficulty understanding abstract ideas.
I am not interested in abstract ideas.
I do not have a good imagination.

ID

E (Sum
of E1E4)

A (Sum
of A1A4)

C (Sum
of C1C4)

12
13
11

12
12
12

11
15
12

Ind01
Ind02
Ind03

N (Sum
of N1N4)

O (Sum
of O1O4)

11
10
12

10
8
11

OCEAN
(Sum of all)

OCEAN
Max

100
103
105

105

OCEAN
Min

OCEAN
Avg

100 102.67

OCEAN
SD

2.054

B. Wilde’s Personality survey
Given by Wilde[11] this scale asks users to circle zero, one or two alternatives for all 20 questions

Energy Direction: Outward or Inward
EI1

You are more

Sociable

Reserved

EI2

You are more

Expressive

Contained

EI3

You prefer

Groups

Individuals

EI4

You learn better by

Listening

Reading
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EI5

You are more

Talkative

Quiet

Orientation: Structured or Flexible
JP1

You are more

Systematic

Casual

JP2

You prefer activities

Planned

Open-ended

JP3

You work better

With pressure

JP4

You prefer

Routine

Without
pressure
Variety

JP5

You are more

Methodical

Improvisational

Information Collection Process: Facts or possibilities
SN1

You prefer the

Concrete

Abstract

SN2

You prefer

Fact finding

Speculating

SN3

You are more

Practical

Conceptual

SN4

You are more

hands on

theoretical

SN5

You prefer the

traditional

novel

Decision making process
TF1

You prefer

logic

empathy

TF2

You are more

truthful

tactful

TF3

You see yourself as more

questioning

accommodating

TF4

You are more

skeptical

tolerant

TF5

You think judges should be

impartial

merciful

Individual scores on team
ID
EI Score JP Score SN Score
TF Score
Indvl 01
3
-3
2
-3
Indvl 02
1
-3
-3
-1
Indvl 03
-4
-1
-1
-2
Aggregation on team basis. Negative are not counted as traits
ID
Indvl 01

ES =
EN =
ET=
EF=
IS=
IN=
IT=
IF=
EI- JP + 2SN EI-JP-2SN EI+JP+2TF EI+JP-2TF -EN
-ES
-EF
-ET
10
2
-6
6
-2
-10
-6
6

Indvl 02

-2

10

-4

0

-10

2

0

4

Indvl 03

-5

-1

-9

-1

1

5

1

9
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C. Trust
Given by Yamagishi [33]. This scale measures general trust by rating following question on 1 – 5
scale.
1 – Strongly disagree to 5 – Strongly agree







Most people are basically honest
Most people are trustworthy.
Most people are basically good and kind.
Most people are trustful of others.
I am trustful.
Most people will respond in kind when they are trusted by others.
ID
Indvl 01
Indvl 02
Indvl 03
Indvl 04
Indvl 05
Indvl 06

Trust (Sum of all survey
question scores)

Max
18
11
11
10
11
18

18
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Min Average
10

13.16667

Variance
11.80556

Survey C – with sample response calculations
A. Motivation
Given by Kairy’s [28]. This scale measures the motivation rating from 1 to 7.
1 Does not correspond at all and 7 – Corresponds Exactly
Why do you want to finish this project? (modified from ‘Why do you want to study’)
1.. to learn something new
2... because I like to learn new things
3…because a design course allows me to continue to learn about many things that interest me.
(modified)
4…Honestly, I don't know; I really feel that I am wasting my time in the design course. (modified)
5…I once had good reasons for wanting to be an engineer, however, now I wonder whether I should
continue. (modified)
6.. I can't see why I am taking the design course and frankly, I couldn't care less. (modified)
7…because I like to overcome difficult tasks when I design something new. (modified)
8...because I like to solve problems that seem difficult to solve. (modified)
9…because a design project allows me to experience a personal satisfaction in my quest for
excellence in my design and creativity. (modified)
10…because it is fun to communicate my own creative ideas with others. (modified)
11…because it is fun to solve real-world engineering problems. (modified)
12…because of the "high" feeling that I experience when the solution I developed works (modified)
13...to obtain a more prestigious job later on. (modified)
14…because it will increase my chances of being hired by the company I want to work for.
(modified)
15…to prove to myself that I am capable of completing my design project. (modified)
16…because of the fact that when I succeed in the design course, I feel important. (modified)
17…to show myself that I am an intelligent person. (modified)
18…because I want to show myself that I can succeed in the design project. (modified)
19…because design course will help me make a better choice regarding my career orientation.
(modified)
20...because I believe that design knowledge and skills will improve my competence as an engineer.
(modified)
21…because I think that design experience will help me better prepare for the career I have chosen.
(modified)
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ID

Identified
Q19-Q21

Indvl1
Indvl2
Indvl3
ID
Indvl1
Indvl2
Indvl3

External Motivation
Introjected External
Q16-Q18
Total

External
regulation
Q13-Q15

Max

Min

Average

15
46
46
8
27
21
38
Internal Motivation
Knowledg Accomplishmen Stimulatio
e
t
n
Introjecte
Q1-Q3
Q7-Q9
Q10-Q12
d
Max
18
16
14
48
11
13
12
36
10
14
14
38
48
Amotivation

27

37

Min

Average

36

40.66

Max

Min

Average

16

3

9.333

18
12
12

ID

13
7
5

Amotivation
Q4-Q6
3
9
16

Indvl1
Indvl2
Indvl3

Var
60.66

Var

27.555

Var

28.22

B. Need for Cognition
Given by Cacioppo [29] . The scale measures tendency to engage in thought process on 9-point
scale.
1 very strong disagreement and 9 is very strong agreement. Reverse questions to be rated as
1 very strong agreement and 9 is very strong disagreement














I would prefer complex to simple problems
I like to have the responsibility of handling a situation that requires a lot of thinking
Thinking is not my idea of fun (reverse)
I would rather do something that requires little thought than something that is sure to challenge
my thinking capabilities (reverse)
I try to anticipate and avoid situations where there is likely a chance, I have to think about
something
I find satisfaction in deliberating hard and for long hours
I only think as hard as I have to (reverse)
I prefer to think about small, daily projects to long term ones (reverse)
I like tasks that require little thought once I have learned them (reverse)
The idea of relying on thought to make my way to top appeals to me
I really enjoy a task that involves coming up with new solutions to problems
Learning new ways to think doesn’t excite me very much (reverse)
I prefer my life to be filled with puzzles that I must solve
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The notion of thinking abstractly is appealing to me
I would prefer a task that is intellectual, difficult, and important to one that is somewhat
important but does not require much thought
I feel relief rather than satisfaction after completing a task that required a lot of mental effort
(reverse)
It’s enough for me that something gets the job done; I don’t care how or why it works (reverse)
I usually end up deliberating about issues even when they do not affect me personally

Sample response from a Team
ID
Indvl 01

Sum of all NFC questions Max
in survey
73
76

Indvl 02

62

Indvl 03

76

Min

Average
62

76

70.33333

Variance
36.22222

Peer Evaluation Survey
Instructions: Please select the response that best describes each team member's performance.
Consider aspects like quality and quantity of work, ability to meet deadlines, willingness to work
with others, and willingness to take on responsibilities.
Use 1=Unsatisfactory, 2=Needs Improvement, 3=Meets Expectations, 4=Exceeds Expectations,
5=Exemplary Performance.
Note: Using this scale, most students on most teams will probably score 3's in most areas most of
the time.
Overall team member performance. Consider aspects like quality and quantity of work, ability to
meet deadlines, willingness to work with others, and willingness to take on responsibilities. Note
that the typical score should be a 3.

Reviewing
Member

Ratings for
A
A
B
C
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B

C

Appendix – II – Correlation Plots

Work Structure to Team Collaboration (Work structure survey to Peer evaluation survey)

Team Collaboration to Team Performance (Peer evaluation survey to Product Performance Index)

Work Structure to Team Performance (Work structure survey to Product Performance Index)
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Team Collaboration with Product performance
Personality – Big 5 Traits with Team Performance (Big 5 – OCEAN survey to Product Performance
Index)

Social Compensation with Team Performance (Agreeableness from OCEAN survey to Product
Performance Index)
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Social Compensation with Team Performance (Conscientiousness - OCEAN survey to Product
Performance Index)

80

Social Compensation with Team Performance (Trust Survey to Product Performance Index)

Sucker Effect with Team Performance (Sucker effect survey with Product Performance Index)
Equity factor with Team Performance
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Instrumental Factor with Team Performance

82

Ethical Factor with Team Performance

Motivation and Team Performance (Motivation survey with Product Performance Index)
Amotivation

83

Intrinsic Motivation

84

Extrinsic Motivation

Social Loafing Tendencies and Team Performance (Social loafing survey to Product Performance Index)
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Need for cognition and Team Performance (NFC Survey to Product Performance Index)

86

Resources and Team Performance (Credit taken by students to Product Performance Index)

Personality and Team Performance (Wilde’s Survey to Product Performance Index)

87

Team Mental Model and Team Performance (Network analysis to Product Performance Index)

Team Size and Team Performance (Count of team size to Product Performance Index)

Team Characteristics with Team Collaboration
Personality - Big 5 Traits with Team Collaboration

88

89

Agreeableness with Team Performance

90

Conscientiousness with Team Collaboration

91

Trust and Team Collaboration

92

93

Sucker Effect with Team Performance
Equity factor with Team Performance

94

Instrumental Factor with Team Collaboration

95

Ethical Factor with Team Collaboration

96

97

Motivation and Team Collaboration
Amotivation

98

Intrinsic Motivation

99

Extrinsic Motivation

100

101

Social Loafing Tendencies and Team Collaboration

102

Need for cognition and Team Collaboration

103

Resources and Team Collaboration

104

105

Personality (Wildes Survey) and Team Collaboration

Team Mental Models and Team Collaboration

Team Size and Team Collaboration
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